Energetic pressure fluctuations at periods longer than 30 s are a ubiquitous feature of pressure spectra from instruments sited on the deep seafloor in both the Atlantic and the Pacific oceans. We show these pressure fluctuations are caused by freely propagating ocean surface waves. The waves are generated in the near shore region along the entire coastline of an ocean basin through nonlinear transfer of energy from short-period waves.
Work on infragravity waves has focused on tsunamis and on waves in shallow water, since these are the only infragravity waves sufficiently energetic to affect the world at large. Tsunamis are large amplitude infragravity waves generated by the displacement of the seafloor during earthquakes, or by landslides. The work on tsunamis has focused on three problems: the generation by an earthquake source, the bathymetric steering of the waves and their dissipation. The tsunami work has shown that long wave dissipation is negligible in deep-water, and also that waves are greatly attenuated during interaction (reflection) with the tions of the propagation of ocean swell from large storms from the southern oceans to Alaska. The floating instrument platform (FLIP) was instrumented with pressure gauges and accelerometers to measure low-frequency waves. FLIP is essentially a large manned spar buoy and the response of FLIP to low-frequency ocean waves is sufficiently well known that an estimate of the infragravity wave spectrum in the band above 0.005 Hz could be derived fi'om measurements of its vertical acceleration. The energy in the infragravity wave band over the open ocean in the Pacific was found to be very small (less than 1 cm in amplitude).
The long wave amplitude measured from FLIP is 7 to 25 times larger than wave heights inferred from the pressure measurements from the floor of the Atlantic (0.3 to 1.2 mm). Seafloor measurements of pressure fluctuations from several Pacific sites confirm the infragravity wave spectrum is consistently more energetic in the Pacific than at this Atlantic site [Webb and Cox, 1986 ]. We will show later that this may be a result of the location of the North Atlantic site on the Nova Scotia Rise. The instrument may be "in the lee" of the Grand Banks of Newfoundland and shielded from infragravity waves propagating from the northern seas.
Infragravity waves may also exist on the Arctic Ocean. Gravimeter measurements of the vertical displacements of ice islands show amplitudes of about 0.5 mm in the period range from 5 to 40 s [Crary et al., 1952] . There is evidence of propagation of these motions at surface wave velocities; however, displacement amplitudes are strongly correlated with the wind, suggesting the infragravity waves are generated locally or the motions are caused by direct forcing of the ice islands [Hunkins, 1962] .
DE•P-OCE•'q PRESSURE SPECTRA
A differential pressure gauge was developed by Cox et al. [1984] for pressure measurements of low frequency acoustic signals. The gauge was found to be useful in a band from about 0.0005 to 32 Hz. The gauge was designed to avoid the difficulties at long-periods with conventional hydrophones caused by increasing drift from electronic noise and temperature fluctuations. The gauge has been deployed during a series of experiments in the eastern Pacific [Webb and Cox, 1986] . Most estimates of the pres-::ure spectrum from these experiments are remarkably similar in appearance (Figures 1 and 2) . The pressure spectrum is fiat or slightly humped down to frequencies of about 0.002 Hz (Figure 2 ). There is a sharp break in the slope of the spectrum at this frequency, and the spectrum rises slowly toward ever lower frequency until interrupted by the many lines associated with the fides [Filloux, 1980 [Filloux, ,1983 [Webb, 1988] . We have now used this record to study the variation of energy in the infragravity wave band. The seafloor currents were too weak to effect pressure measurements in the more energetic infragravity wave band.
The energy in the infragravity wave band varies during the record by about a factor of 40, with a characteristic time scale of 6-10 days. If the period of the short waves is 15 s and the amplitude is 6 m, then e=0.1. We take the wave group to be 10 waves (n=10).
Equation ( The wavelength of a forced wave is always much smaller than the wavelength of a free wave of the same frequency because the forced wave travels at the group velocity of the short, carrier wave, whereas the free wave travels at the much larger free wave phase velocity. We see now that forced waves cannot explain the sharp roll-off observed in the deep-water pressure spectra because a model based on forced waves must predict a much lower corner frequency than is observed. The comer frequency is well explained by hydrodynamic filtering if one assumes the wave number k is associated with freely propagating surface gravity w ave s.
We expect that if the infragravity wave band pressure signal A second mechanism for the origin of long-period variability of the mean elevation along a beach has been proposed by Symonds et al. [1982] . The variability in the height of crests in a wave group leads to a variation in the distance offshore of the break point. Bigger waves break further out, which leads to differences in the height of wave setup. For this discussion it is not important which mechanism generates the low frequency waves.
Most of the energy is trapped within a few hundred meters of shore in edge waves. A reviewer has pointed out the existence of a class of progressive waves on beaches which are too short to be edge waves [Oltman-Shay et al., 1989]. These vorticity balanced waves presumably do not couple into infragravity waves in deepwater. The edge wave amplitude has been shown to be linearly related to the amplitude of the incident short waves in the simple case of a narrow-band modulated wave train [Battjes, 1974] . Observations suggest a simple linear relationship may be adequate to predict long wave energy from swell height for broadband incident waves as well [Guza and Thornton, 1982] . Some dependence on the slope of the beach is expected from these theories, but we ignore this problem in the very simplified model we present below. The infragravity wave spectrum has been measured in the near shore region under limited ranges of conditions [Huntley et al., 1977; Guza and Thornton, 1982] . The specta'um was found to fall off at frequencies above about 0.03 Hz as to -3 or to -4, and to be approximately constant at lower frequencies. We find these specta'a are not inconsistent with deep-water results. Deep-ocean infragravity wave height spectra estimated from seafloor pressure measurements are essentially white (flat) in the band below 0.03 Hz after correcting for the effect of the hydrodynamic filtering. The spectrum of long waves at higher frequencies in the open ocean is unknown because the long waves are too strongly filtered to be detected at the floor in deep-water. These measurements conta'ast with the shelf measurements described by Munk [1960] , which showed evidence of the modal structure in the frequency specta'um.
Having shown trapped waves are ineffective in deep-water, we now model the generation of deep-water infragravity waves using predictions of the short wave component (wind wave and swell) from the grid points in the FNOC wave model closest to shore along the entire coastline of the North Atlantic. We assume the infragravity waves are generated by waves in shallow water and the amplitude of the outgoing long waves is linearly related to the amplitude of the shorter incident waves. If the relationship is linear then the deep-water wave energy should be some weighted average of the short wave energy along the shore. We assume all shorelines are identical on average and have calculated the average variance in the significant wave height along the perimeter of the North Atlantic for each day during the HEBBLE site record (Figure 10 ). This average is corrected for the variation in grid spacing with latitude and longitude, but ignores the direction of propagation of the waves relative to the coast. The length of the coast line is roughly approximated by the choice of grid points. In this model, we have ignored the propagation delay from the coasts to the site, deep-water attenuation, and the South Atlantic as a source or sink of infragravity wave energy. More important, we have ignored dissipation on the shelf, and reflection of waves at coastlines. The fit is improved when we average over only those sections of the coast which are within the "line of sight" of the Nova Scotia Site (Figures 6d and 10) . This improvement is evident in a comparison of scatter diagrams of variance in the significant wave height averaged over the entire North Atlantic and over those sections in the line of site (Figures 1 la and 1 lb) . By "line of sight", we mean those sections which can be connected by a direct long wave ray path without intersecting another coastline or the shelf. We have used great circle paths to approximate the ray paths across the Atlantic. The great circle route from the Nova Scotia site to Europe, just tangent to the edge of the Grand Banks off of Newfoundland intersects the European continent as far south as Portugal (Figure 3) . The great circle route only approximates the true path because the long wave phase velocity varies with the water depth. We find the line which fits the data in Figure 1 The direct relationship of the coastal waves to infragravity wave energy is illustrated by the sequence of wave height maps under a hurricane (Figures 8a-8c ). An intense storm in the North Atlantic (day 319) apparently contributes little to the infragravity wave spectrum at the HEBBLE site. The infragravity wave energy increases rapidly as a hurricane develops north of Puerto Rico.
The day to day variability of the energy in the infragravity
The energy increases by a factor of 5 as the hurricane and large waves approach land (Figure 6b, days 321-322) . Very shortly after the hurricane enters the Gulf of Mexico through the Florida straits, the infragravity energy falls to a much lower level.
The decay time of the infragravity energy will depend on both the propagation velocity and the efficiency of reflection at coastlines. Long period waves with wavelengths comparable to the ocean depth travel at a phase velocity C--mlgH. These waves are nearly nondispersive and the group velocity is nearly equal to the phase velocity. In 5000 m of water, a long wave propagates at a group velocity of about 220 m/s. A short-period wave travels at a phase velocity C---'4g !k and group velocity U = 1/2•/•/k, so that a 12-s wave travels at a group velocity of about 9 m/s.
The distance from the Florida shoreline to the HEBBLE site is about 2500 km. This is probably a good estimate of the typical distance from most major storms to the HEBBLE site. A 150-s period surface wave will propagate this distance in about 3 hours. The 12-s wave will travel the same distance in about 74 hours.
We have calculated the time lag correlation between the average squared significant wave height (Figure 6d ) and the energy in infragn-avity wave band at the HEBBLE site over the length of the record (Figure 12) . The maximum correlation is about 0.8 and occurs at a lag of less than 0.3 days. It is difficult to assess the errors in these calculations because the correlation coefficients are dominated by a few large peaks in the data and because the data are not evenly distributed during the day. However, the results do seem to suggest that the infragravity wave energy seen at the deep-sea site is related to faster propagating, long, coastally generated free waves, rather than forced waves tied to slowly propagating swell waves.
The scatter plot (Figure 1 lb) shows a linear trend between the infragravity wave energy at the HEBBLE site and the mean This contrasts with the surf zone where the amplitude of swash can be 70% of the incident short wave amplitude, and with observations from a few hundred meters offshore were the long waves may be 10% of short wave amplitudes. Conservation of energy requires the amplitude of a long wave propagating into deeper water to decrease because the group velocity becomes larger. The amplitude varies with the inverse fourth root of the water depth (Green's Law; see Lighthill [1978] ). The wave amplitude should decrease by about a factor of 6 from just outside the breaker zone (about 4 m) to deep-water (5000 m), but the infragravity wave measurements still suggest only a tiny fraction (<1%) of the energy leaks away from the coast into the deep ocean.
We have so far ignored attenuation in this model. Infragravity waves propagate in the deep ocean with essentially no attenuation [Lighthill, 1978] . In shallow water, long wave attenuation is thought to result primarily from bottom friction, although one can propose other mechanisms such as interaction with turbulence and breaking short waves. Long wave attenuation in shallow water is difficult to calculate, since the frictional losses are not linear with velocity. The long waves are superimposed on other phenomena; the attenuation may depend on the amplitude of the fides, currents, or internal waves and short-period waves [Cox and Sandstrom, 1962] . We look to work on the dissipation of tides and tsunamis for guidance. The tsunami originates with an earthquake. The direct wave arrivals are first observed, but after an initial period of "diffusion" the tsunami is observed to lose energy synchronously across the basin with an e-folding time for the Pacific of about 22 hours [Van Dom, 1984 , 1987 . The e-folding time in the much smaller Atlantic is about 13 hours. Munk [1963] proposed that tsunamis lose energy during multiple reflections from the coastline at a rate equal to an e-folding per reflection thus the charac- This latter experiment was conducted by C.S. Cox and S.C. Constable. A gravimeter was also deployed on the seafloor by J. Hildebrand as part of a "fifth force" gravity experiment completing the PEGASUS acronym (pressure, electromagnetic, gravity, active source, underwater survey). The array was deployed during a 3-week period during November 1989. We will focus on the week of November 14-21, 1989, during which the array was fully deployed on the seafloor.
The resulting array is of appropriate dimensions to study the wave number-frequency spectrum of infragravity waves in the band from 30-to 512-s period. The number of elements in the array is inadequate for good results from conventional beamforming techniques. We have used instead the maximum-likelihood method as developed by Capon [1969] . originates near shore, driven by the same mechanisms which cause "surf beat". The model assumes the long wave energy is linearly related to the incident short wave energy averaged over all coastlines which are within the "line of sight" of the site. Storm waves in the far north Atlantic do not contribute to the long wave energy seen at the HEBBLE site. The HEBBLE site may be "in the lee" of the Grand Banks, and this may be the reason this Atlantic site is 10-30 dB quieter at infragravity wave periods than sites in the eastern Pacific.
Wave number-frequency spectra calculated from data from the PEGASUS array show the energy at infragravity wave periods confined to the free wave dispersion curve. Peaks in the spectrum suggest the Gulf of Alaska and the Californian coastlines are the two primary sources of infragravity wave energy during this par-'icular week in November 1988. Some wave energy originates along the entire coastline from northern Japan, along the Aleutian Islands and the western coast of North America to the tip of Baja California. A chart of wave height in the Pacific show large wind driven waves may be incident along this entire stretch of coast at this time. Storm waves incident on the southern tip of South America generate waves at very long-periods (270-512 s) which were detected at the Pacific array.
The entire infragravity wave source problem will be investigated in a multi-array experiment called SAMSON during the fall of 1990 off the east coast of the United States. The arrays will start in the surf zone and extend 600 km off-shore in a large joint acoustic and oceanographic experiment supported by the Office of Naval Research.
